The sorption parameters of Cu, Zn and Pb are related to the composition of the different genetic horizons of a Luvisol profile in batch sorption experiments. The affinities of metals towards the soil samples from different horizons followed the same sequence, e.g. Pb Cu Zn. By far the highest metal retention was found in the C k horizon due to the alkaline conditions. It is followed by the A horizon with its high organic matter content, while the lowest sorption capacity was found in the B t horizon. In the horizons free of carbonate, primarily Pb and Cu were immobilized. The studied soil can be characterized by high amount of organic matter, clay accumulation horizon, as well as calcareous subsoil. This kind of profile development makes soils able to immobilize a significant metal pollution.
Introduction
The ability of soils to adsorb metal ions from aqueous solution is of special interest and has consequences both for agricultural issues and environmental questions. As adsorption is a major process controlling the accumulation of potentially toxic metals in soils, its study is of utmost importance for understanding how metals are transferred from a liquid mobile phase to the surface of a solid phase [1] . The exact retention mechanism of metal ions at soil surfaces is often unknown, so the term sorption is preferred, which in general involves the loss of a metal ion from an aqueous to a contiguous solid phase and consists of three important processes: adsorption, surface precipi- * E-mail: sipos@geochem.hu tation and fixation [2] . Retention of heavy metals in soil depends on factors such as the nature of mineral and organic constituents, the nature of the metal, the composition of the soil solution as well as the pH and Eh [3] . Moreover, the latter two factors may show significant variation within a very short time in soils [4] . The complexity of reactions is due to the many different soil compounds which behave differently and interact with each other, as well as the multicomponent nature of solute and soil interactions [5] . The most important interfaces involved in heavy metal sorption in soils are predominantly inorganic colloids such as clay minerals [6] , metal oxides and hydroxides [7] and carbonates [8] . Also organic colloidal matter of detrital origin and living organisms such as algae and bacteria provide interfaces for heavy metal sorption [9] . Sorption of metals in soils is a competitive process between ions in solution and it strongly influences the ad-sorptive capacity and mobility of several heavy metal cations in soil. The general consensus reached both in single element and competitive sorption studies is, that Pb and Cu are more strongly retained compared to Zn [10] [11] [12] . This phenomenon is probably due to the fact that the adsorption of Zn in soils depends mostly on electrostatic forces, while that of Cu and Pb is rather influenced by the covalent interaction of metals with mineral surfaces [13] . Additionally, McKenzie [14] found in several soils with different composition that the sorption edge for Cu and Pb is at significantly lower pH than that of Zn. Batch equilibrium techniques are widely used to study the retention of metals in soils and the sorption data are described using isotherms. The analysis of isotherms may provide information about the retention capacity and the sorption strength by which the sorbate held onto the soil [15] . Determination of maximum adsorption capacity of soils should play a very important role in all discussions related to soil contaminant loadings, buffering capacities and critical loads for heavy metals [16] .
Although there are many studies on both single element and competitive sorption of heavy metals by given soil samples, not many have focused on samples from the same soil profile with very contrasting characteristics. As most soils can be characterized by varied horizons with contrasting physico-chemical conditions a more realistic picture can be drawn about the reaction of a soil on a possible metal contamination when samples from all of its horizons are studied. In this study, single element and competitive batch sorption experiments with Cu, Zn and Pb were performed on three different genetic horizons (A, B t and C k ) of a Luvisol profile. In an earlier work, Sipos [17] studied the relationship between the fractionation of native metals and sorption of added metals partly on the same samples. In this case, the aim of this study was to relate sorption parameters of the studied metals to the composition of the different horizons within the profile. The fate and behavior of these metals as potential pollutants were also evaluated while entering and moving down the profile. 
Materials and methods

Characterization of the studied profile and samples
The studied soil profile is a Calcic Luvisol which was formed on a pelagic, clayey aleurolite with significant mica and carbonate content, as well as clay mineralogy characterized by chlorite. The texture of this profile is silt loam. Leaching and clay illuviation are the most important pedogenic processes in the studied profile, which are shown by the almost complete depletion of carbonates in the topsoil and a slightly developed argic horizon, respectively. Some chemical and mineralogical properties of the studied profile are summarized in Table 1 . Luvisols are among the most frequent soil types in Hungary: they cover more than 10% of the country's area [18] . The sampling site is situated in an oak forest, which is almost free of anthropogenic contamination and far from main roads and industrial activity (Figure 1 ).
The soil pH (H 2 O) increases with depth, ranging from 6.39 to 8.08 in water solution. The organic matter content of this soil is up to 6.47% (in the A horizon). The mineralogical composition of the studied profile is dominated by inert minerals, such as quartz and feldspars, for which the proportions decrease with depth (from 90 to 60%). The carbonate content (almost solely represented by calcite) of the soil, however strongly increases in the lower part of the profile resulting in an abrupt increase in soil pH within a small distance. The clay mineralogy of the studied profile is characterized by vermiculite and intergraded chlorite/vermiculite mineral species with an increasing chlorite component with increasing depth as indicated by its stability to heat treatments [19] .
The sorption experiments were performed on three samples in duplicates. The sample from the A horizon of the profile is characterized by relatively high total organic carbon (TOC) content (6.47%), and the highest CEC when compared to the other studied samples. The sample from the B t horizon is characterized by clay mineral and iron oxide accumulation and CEC similar to that of the A horizon. The clay mineralogy of these two samples is dominated by vermiculite. The third sample is from the C k horizon of the profile, which is characterized by both inherited carbonates and pedogenic calcite accumulation (20% calcite content), as well as by the lowest CEC value in the profile. In contrast to the previous samples its clay mineralogy is characterized mostly by chlorite. [20] . Additionally, similar or much higher solution concentration of metals can be found in acid mine drainage when compared to those used in this sorption experiments [21] . The reason for different initial metal concentrations in the competitive experiments was the significantly lower Zn sorption during the single element experiments than that of Cu and Pb. The samples mixed with the solutions of different metal concentrations were shaken lengthwise for 48 hours at 25°C. Following this, the samples were separated by centrifugation at 3 000 rpm for 20 minutes.
Sorption experiments
Sorption data evaluation
The amount of metals adsorbed by the studied soil samples were calculated using the equation:
where Q is the adsorbed metal amount per unit weight of solid (mmol kg −1 ), C is the equilibrium metal concentration in the solution (mmol L −1 ), C i is the initial metal concentration in the solution (mmol L −1 ), V is the volume of the solution (mL) and W is the weight of the air-dried soil (g). The linear, Langmuir and Freundlich isotherm equations were used to describe the sorption of the metals from the solution onto the studied soil samples. The simple linear relationship between sorbed and solution phases is expressed as
where
is the distribution coefficient which describes the equilibrium partitioning of a metal between solid and liquid phases, and thus can be used as an index of metal mobility in the soil. For a linear adsorption isotherm K d is constant and independent of metal solution concentration. However, for a nonlinear isotherm K d depends on the concentration and increases with decreasing metal concentration in the solution. This means that it is difficult to have one K d value that adequately represents the sorption if the sorption isotherm is not linear over the range of interest of metal concentration [22] . Nevertheless, according to Kaplan et al. [23] the joint distribution coefficient K dΣ could be useful to study the metal partition between the solid and liquid phases also for nonlinear isotherms and can be calculated by summarizing the K d values calculated for each initial metal concentration used. The Langmuir isotherm is expressed as
where Q max is the maximum adsorption capacity of the solid (mmol kg −1 ) and b represents the Langmuir bonding term related to the adsorption energy (L kg −1 ). The linearized form of the Freundlich isotherm is as follows:
where K F (L kg −1 ) is the Freundlich distribution coefficient which supports information about the relative adsorption capacity of the sample studied and n is an empirical constant related to the intensity of the adsorption. The relative percentage change or "relative sorption capacity" (RSC) was also used to compare the metal sorption capacity of the samples [24] . The RSC can be calculated by taking the difference between the initial and equilibrium metal concentrations, then dividing this difference by the initial metal concentration, and then expressing this as a percentage by multiplying by 100 for each initial concentration used. Similarly to the joint distribution coefficient, this parameter is also calculated by summarizing the individual RSC values as follows:
Analytical techniques
The studied soil samples were characterized for mineralogical composition using a Philips 1710 X-ray diffractometer (XRD). Mineral composition of the bulk soil was determined on random-powdered samples by semiquantitative phase analysis after the method of Bárdossy et al. [25] . Clay minerals were identified from the clay fractions of bulk samples by XRD diagrams obtained from parallel-oriented specimens. The following diagnostic treatments were carried out for all of the samples: ethylene glycol solvation at 60°C overnight, Mg saturation followed by glycerol solvation at 95°C overnight, K saturation, heating to 350 and 550°C for 2 hours. Separation of the clay fractions were performed by sedimentation in aqueous suspension. Total organic carbon content of the samples was determined by the Rock-Eval method (Delsi Oil Show Analyzer) [26] . Soil pH (H 2 O) was measured by a Radelkis OP 211 analyzer. Particle size distributions of the samples were determined by the modified pipette method [27] . The total iron content of the samples was analysed by a Philips PW 1410 X-ray fluorescence spectrometer. The acid extractable Ca and the reducible Fe and Mn content of the samples was analyzed by extraction of 1.0 g of soil sample by 8 ml of 1 M NaOAc adjusted to pH 5.0 with HOAc, as well as by 0.04 M NH 2 OH·HCl in 25% (v/v) HOAc following a 1 M NaOAc extraction, respectively [28] . Metal concentrations in the solutions (both in the sorption experiments and extractions) were analyzed by a Perkin Elmer Analyst 300 atomic absorption spectrometer (AAS). In the case of the sorption experiments, the relative standard deviations for the studied metals were as follows in the duplicate samples: 1.6% for Pb, 2.8% for Cu and 3.0% for Zn.
Results
Single element sorption experiments
The results of the single element sorption experiments are summarized in Table 2 . In this case, the Langmuir adsorption isotherm showed the best fit for each of the samples and metals studied. The R 2 values always exceeded 0.88, but generally they were above 0.98. Due to these excellent fits, the parameters derived from the Langmuir isotherms will be used to compare the sorption characteristics of metals and samples studied. According to the classification of Giles et al. [29] the isotherms can be classified as H type isotherms for each case due to their convex shape and slopes reaching high values (Figure 2) . The isotherms for the sample from the C k horizon can be classified as H2 type and this is also the case for Zn in the sample from the B t horizon. The isotherms for Cu and Zn in the sample from the A horizon are H3 type while Cu and Pb in the sample from the B t horizon and Zn in the sample from the A horizon show H4 type isotherm [30] . Copper showed the highest affinity towards the studied samples, followed by lead and zinc. The maximum sorption capacity of the samples (Q max values) was between 333 and 2 500, 213 and 625, and 86 and 110 mmol kg for Cu, Pb and Zn, respectively. The sample from the C k horizon is characterized by the highest retention capacity for each studied metal, followed by the samples from the A and B t horizons. However, the sample from the B t horizon showed higher Zn sorption capacity than that from the A horizon. The sorption capacities of the samples for a given metal are the most variable for Cu (Q max values are between 333 and 2 500 mmol kg 
Competitive sorption experiments
The results of competitive sorption experiments are summarized in Table 3 . Similar to the single element sorption experiments, the Langmuir adsorption isotherm showed the best fit in most of the cases. The R 2 values generally exceeded 0.99, with the exception of the sorption of Cu and Pb in the sample from the C k horizon. Copper showed complete retention by this sample between 2 and 100 mg L −1 initial Cu concentration, while 88% of this metal was immobilized from the solution with highest added Cu (200 mg L −1 ). In this case, adsorption isotherm equations normally used in the literature (such as linear, In contrast, relative sorption capacity of Pb for the sample from the C k horizon is constant (94±2%) in the whole range of initial concentrations applied (from 2.5 to 250 mg L −1 ). So the sorption data for Pb show the best fit to the linear sorption isotherm equation (R 2 =0.929) in this case. In all other cases the isotherms can be classified as H type isotherms according to the classification of Giles et al. [29] ( Figure 3) . The isotherms for the sample from the A horizon can be classified as H2 type. This is also true for Pb sorption in the sample from the B t horizon and for the sorption of Zn in the sample from the C k horizon. Copper and zinc sorption in the sample from the B t horizon shows H1 and H4 type isotherms, respectively [30] . As the affinity of metals to soil may be strongly influenced by the initial metal concentrations in solutions used (which is six times higher for Zn than for Cu in our case), the relative sorption capacity values will be used below to compare the sorption capacity of the studied samples. According to Xiong et al. [24] relative sorption capacity is a useful measure to compare and contrast sorption between different metal ions present in varying initial concentrations. The joint relative sorption capacity of the studied metals of the samples was between 42 and 95% for Pb, between 28 and 94% for Cu and between 15 and 35% for Zn. The sample from the C k horizon is able to adsorb more than 90% of the added Pb, Zn and Cu at 250, 150 and 100 mg L 
Discussion
The highest metal amounts were retained by the sample from the C k horizon both in the single element and competitive experiments (by up to 5-6 times more than the other samples). Copper and Pb show almost complete retention (their joint relative sorption capacity is above 84%), while only 34-54% of added zinc is sorbed in this sample. However, in this case, precipitation may be the most important immobilizing process for Cu and Pb, as well as for Zn in the single element experiments. This is suggested by the shape of sorption isotherms of these metals as the amount of sorbed metals to the solid phase increased continuously with increasing initial metal concentrations (see Figures 2-3) . Fontes et al. [20] found similar sorption behaviour for metals in limed soil samples. Their results indicated that the presence of carbonates in the soil created new sorption sites and also favoured the precipitation of Cu, Pb and Zn. Metal precipitation in soils can occur in alkaline conditions, relatively high metal concentrations, and low metal solubility or in the case of a small number of specific adsorption sites [31] . In this sample the presence of carbonates led to elevated pH level (soil pH=8.41) which may have encouraged metal carbonate precipitation reactions so that this horizon of the studied profile acted as a precipitation barrier for Cu and Pb and also probably for Zn. Yong and MacDonald [32] found that since Pb and Cu carbonates precipitate at lower pH values than both calcite and dolomite, it is possible for these metals to precipitate in this form because of the dissolution of Mg and Ca carbonates. The equilibrium pH of the solution containing the highest added metal concentrations was 5.82 in the competitive experiment while slightly lower values were measured for Cu (pH 5.15) and Pb (pH 5.33) and a slightly higher value was measured for Zn (pH 6.33) in the single element experiment. At this pH value both copper and lead carbonates may form at natural soil conditions, while zinc is stable in the form of Zn 2+ below pH 6 [33] . Additionally, Imtiaz et al. [34] found that most of the added Zn is held in the CaCO 3 pool in alkaline soils, whereas in acidic soils Zn is mostly in exchangeable form. These data suggest that the studied metals may precipitate as carbonate phases in the sample from the C k horizon due to calcite dissolution with the exception of Zn in the competitive experiments. In this latter case, in contrast to Cu and Pb, the amount of Zn sorbed to this sample increased rapidly until it reached a plateau showing a H2 type isotherm which means that the theoretical monolayer has been completed [35] . The almost perfect fit for the linearized Langmuir equation (R 2 =0.9997) also shows that precipitation has not played a role in the immobilization of Zn in this sample even at the highest equilibrium pH.
Similar to the sample from the C k horizon, samples free of carbonates showed much higher sorption intensities for Cu and Pb (between 17 and 58%, and between 39 and 69%, respectively) than for Zn (between 6 and 19%) both in the single element and the competitive experiments. The shapes of sorption isotherms for each studied metal and for each sample free of carbonates are similar and show a plateau after rapid increase with increasing initial metal concentrations (see Figures 2-3 ). In the sample from the A horizon, the metals exhibited H2 type isotherms in the competitive experiments which means that the theoretical monolayer has been completed [35] . However, an H3 type isotherm was found for Pb and Cu and an H4 type for Zn in the single element experiments where higher initial concentrations for the given metal were applied. This indicates the appearance of a new mechanism of retention in these cases which is likely a surface precipitation process for Cu and Pb, and the development of new sites or a fresh surface where retention can take place for Zn [35] . All of the studied metals showed higher affinity towards the sample from the A horizon than that from the B t horizon except for Zn in the single element experiments. As this sample can be characterized by a relatively high total organic carbon content (TOC=6.74%), these results are in good agreement with those on metal affinity sequences towards humic substances published by several authors [36, 37] . This trend follows the Irving-Williams series which describes the order of stability of organicmetal complexes. The order of this series arises in part from a decrease in ionic size and in part from ligand field effects [38] . This kind of behavior of metals during their competitive sorption onto humic substances can be justified on the basis of the Hard-Soft Acid Base concept [39] . Zinc ions are considered as a soft Lewis acid, while Pb 2+ and Cu 2+ are borderline acids that can behave both as hard and as soft acids depending on the environment solution. The data suggest that Pb showed relatively more hardness than Cu at the studied conditions (equilibrium pH of the solution containing the highest added metal concentrations was around 4.30 for the sample from the A horizon) resulting in higher relative sorption capacity on samples rich in organic matter.
The sample from the B t horizon retained less metal than the sample rich in organic matter. Many studies have shown a higher sorption capacity of humic substances for metals as compared to inorganic soil components [40] [41] [42] . However, Zn showed slightly higher affinity towards the sample from the B t horizon than for that from the A horizon in the single element experiment suggesting its high affinity towards clay minerals. The isotherm shapes also indi- cate a high affinity for each studied metal towards the B t sample. Copper and Pb show an H4 type isotherm, while Zn shows an H2 type isotherm in the single element experiments which represents the development of new sites or a fresh surface where retention can take place, as well as the completion of the theoretical monolayer, respectively [35] . This latter case is true for Pb in the competitive experiment, while completion has not occurred for Cu in this case. In contrast, Zn showed an H4 type isotherm in the competitive experiments. The sample from the B t horizon showed the highest relative sorption capacity for Pb, followed by Cu and Zn in the single element experiment, while Pb and Cu were retained on this sample at a similar rate in the competitive experiments. According to Abollino et al. [43] the order of affinity of the studied metals for vermiculite are similar to that found in this study in a wide pH range (between 2.5 and 8.0). This study showed that the adsorption of divalent metal ions in these phases increases with a decrease in the facility of cations to hydrolyze, and with an increase in the atomic weight of the metal ion. However, the presence of pedogenic iron oxide phases may also influence the sorption capacity of this sample as this sample is characterized by the highest reducible iron content in this profile (see Table 1 ). Many studies have shown that the iron-oxide phases in soils may significantly contribute to the adsorption of these metals, especially for Pb and Zn [44, 45] .
For each of the studied samples Zn remained mostly in solution while Cu and Pb showed much higher sorption intensities. This phenomenon was observed by several authors investigating a wide range of soils and can be explained by the fact that sorption of Zn depends on electrostatic forces while that of Cu and Pb depends on covalent bonding with mineral surfaces [13] . That is why the relative sorption capacity of Zn was lower than that of Cu and Pb in each of the samples studied. Moreover, metal sorption generally decreases with increasing acidity and the chemical conditions are not favorable for Zn sorption below pH 6 as Cu and Pb may still have relatively high sorption capacity [14, 46] Our data also indicated that Zn was displaced from the sorption sites by Cu and Pb ions in the studied samples despite the considerably higher initial Zn concentration in the competitive experiments. This phenomenon is demonstrated by the relationship between the percentage (%) of metal ions adsorbed and the sum of the metal cations in the adsorption complex (Figure 4 ). This relationship shows that at a given amount of metal retained the rate of Zn sorbed starts to decrease while that of Cu and Pb increases. This change in the sorption of metals results in the lowest metal amounts for the sample with lowest sorption capacity, in our case that from the B t horizon (at about 100 mmol kg −1 metal adsorbed), followed by samples from the A (120 mmol kg −1 ) and C k (350 mmol kg −1 ) horizons. The increase in the rate of sorbed Cu is higher than that of Pb suggesting that Cu has a more significant contribution in the displacement of Zn on the sorption sites as compared to Pb. Fontes and Gomes [16] found that as the applied concentrations increased in their sorption experiments, some metals such as Cu and Pb maintained their strong affinity with the surfaces while the others, like Zn, were displaced from the surfaces. This may be due to the differences in the metalsurface interaction [13] and the effect of the pH on the behavior of different metals in the adsorption process [14] as mentioned above.
Conclusion
The studied soil profile can be characterized by a significant metal retention capacity as all of its horizons immobilized high amounts of metals both in the single element and competitive experiments. The affinities of metals towards the soil samples from different horizons followed the same sequence, i.e. Pb Cu Zn. The highest sorption capacity was found in the C k horizon of the soil due to its relatively high carbonate content which results in alkaline conditions in the subsoil. The next highest sorption capacity occurred in the A horizon with its high organic matter content and the lowest in the B t horizon characterized by clay mineral and iron oxide accumulation.
Supposing a high degree metal pollution in the studied profile, the high amount of metals would be sorbed immediately by organic matter. The residual metals in solution migrate downwards in the profile and are sorbed on clay minerals and iron oxides or precipitated in the alkaline subsoil.
Although a general conclusion can be drawn only on the basis of serious reserves, soils with similar profile characteristics may be able to immobilize a significant metal pollution. This kind of profile development is primarily characteristic of Luvisols, where the amount of carbonate within the subsoil significantly depends on the geology. The absence of carbonates would largely decrease the buffering capacity of the studied soil against a possible pollution event. The presence of carbonates, however, results in an effective immobilization potential even in the case of solutions with extremely high metal concentrations.
